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Drosophila development is marked by two major morphogenetic processes: embryogenesis and metamorphosis. While insect
metamorphosis is known to be controlled by the steroid hormone ecdysone, relatively little is known concerning the hormonal control of
embryogenesis. Here we show that many ecdysone-regulated transcripts of metamorphosis are also expressed in a wavelike manner during
embryogenesis, suggesting that these genes also participate in an embryonic ecdysone response. At metamorphosis, the Kru¨ppel-homolog
(Kr-h) gene, coding for a zinc finger protein, is required during the prepupal ecdysone response. Kr-h mutants die at the prepupal–pupal
transition. In these mutants, the expression of several ecdysone-regulated genes is disrupted and we concluded that Kr-h was a key modulator
of the hormonal response [Dev. Biol. 221 (2000) 53]. While Kr-h is expressed in many tissues at metamorphosis, in embryos expression is
restricted to neurons. Here, we investigate its role during early Drosophila development using new alleles with an earlier lethality than those
previously described. Although we detect only minor morphological defects in these mutants, we show that Kr-h expression is necessary for
the early development of Drosophila and that, as during metamorphosis, Kr-h acts as a modulator of the expression of many of these
ecdysone-regulated genes.
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In higher eucaryotes, many gene loci give rise to a family
of transcripts derived from multiple promoters or differential
splicing. These different transcripts may be stage or tissue
specific and may encode distinct protein variants. Under-
standing the role(s) of these different isoforms throughout
development and adult life is a major challenge. Holome-
tabolous insects, such as Drosophila, are particularly inter-
esting for such studies as they elaborate two distinct body
plans. The first is seen at the end of embryogenesis at the
emergence of the larva, while the second becomes evident
during metamorphosis as the larval form is destroyed to be
replaced by that of the adult. While studies of hormonal
regulation during embryogenesis are in their infancy, it is0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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the steroid hormone, ecdysone. The question of the signif-
icance of isoforms has been the subject of numerous studies
in the past decade as most, if not all, regulatory genes
implicated in the ecdysone response at metamorphosis give
rise to tissue- or stage-specific transcripts (Richards, 1997;
Thummel, 1996 for reviews). Most recently, Cherbas et al.
(2003) have used a novel approach to study tissue-specific
requirements for different ecdysone receptor (EcR) isoforms.
They blocked general receptor function by the expression of
a dominant negative form of EcR and simultaneously pro-
vided a specific isoform in the same target tissues so as to
evaluate the processes supported by that isoform. They
conclude that there is no simple rule to explain EcR isoform
requirements in different tissues. Concerning stage-specific
requirements, earlier studies of the genes of the ecdysone
regulatory hierarchy have revealed that there are mutant
alleles of many of these genes that are lethal either during
embryogenesis or metamorphosis (Bender et al., 1997;
Carney et al., 1997), suggesting that the underlying regula-
tory circuits are conserved in the two processes.
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sone responses of pupariation and pupation, we described
several P-element mutations in the gene Kru¨ppel-homolog
(Kr-h). Homozygous individuals, after an apparently nor-
mal larval life and pupariation, die in the prepupal period
and fail to complete pupation (Pecasse et al., 2000).
Expression of members of the ecdysone regulatory hierar-
chies was disrupted in these mutants between these two
ecdysone responses. Molecular studies of the gene
revealed at least two major transcripts, Kr-ha and Kr-hb,
derived from distinct promoters (see Fig. 1), and we
showed that Kr-ha was the major transcript during meta-
morphosis while Kr-hb was particularly abundant during
embryogenesis. Most of the first Kr-h alleles (Kr-h2 to Kr-
h5), selected for their prepupal lethality and non-comple-
mentation with Kr-h1, proved to be insertions in the region
of the distal Kr-ha promoter or the beginning of the first
intron. Two P element insertions closer to the Kr-
hb promoter (Kr-h6 and Kr-h7) also gave rise to partial
embryonic or early larval lethality. Finally, a deletion,
obtained by the mobilization of the P element of Kr-h7,
that removed coding sequences common to all isoforms
was an early lethal (Pecasse et al., 2000).
Here we study the early lethality of Kr-h mutants and the
expression of transcripts and proteins in wild-type embryos
and first instar larvae. To do so, we first establish that many
of the genes known from the metamorphic response to
hormone participate in waves of gene activity during em-
bryogenesis that are reminiscent of the classical ecdysone
responses of metamorphosis. We find that early Kr-h lethals
show similar disruptions in the normal progression of the
expression of these transcripts as do the late Kr-h lethals at
the onset of metamorphosis.Fig. 1. The molecular map of the Kr-h locus (Pecasse et al., 2000). The five exons
predict a 791 amino acid protein for KR-Ha and the same sequence with 54 addit
eight zinc fingers (black ovals). The sites of three P element insertions Kr-h1, Kr-
deletion. Mobilization of the P-LacWelement of Kr-h7 resulted in two alleles: Df (2
a 3.3-kb internal deletion in the transposon (see text). Parentheses denote the limResults
The Kr-h locus: transcripts and mutant alleles
The Kr-h locus gives rise to two major transcripts (Kr-
ha and Kr-hb) which derive from two distinct promoters
whose first exons are spliced to a common exon 2 (Pecasse et
al., 2000, see Fig. 1). P element insertions in exon 1 of theKr-
ha transcript disrupt the prepupal ecdysone response. Dele-
tions or insertions closer to the h-specific exon 1V(Kr-h6 and
Kr-h7) also result in embryonic or early larval losses, in
addition to the prepupal lethalities, and the importance of Kr-
h earlier in development was established by the early lethality
of the deletion Df(2L)Kr-h7.1 obtained by mobilizing the P
element of Kr-h7 (Pecasse et al., 2000). We obtained a second
Kr-h7 derivative in that screen, Kr-h7id, that also showed
early lethality. Molecular analyses of these alleles allowed us
to localize the 3V limit of the deficiency Df(2L)Kr-h7.1 to
between 3.8 and 5.2 kb 3Vto the last exon, while forKr-h7idwe
found that the loss of w+ activity (the selection criterion for
the P element mobilization screen of Kr-h7) was the result of
a 3.3-kb internal deletion in the 3V region of the Kr-h7
transposon, which had not left its initial insertion site.
Furthermore, we did not detect second site insertions locally
or elsewhere in the genome (data not shown).
Genetic and developmental studies of early Kr-h mutants
We introduced CyO-GFP balancers to facilitate a series
of genetic and developmental studies of the new alleles
(Df(2L)Kr-h7.1 and Kr-h7id) to assess the consequences of
these mutations and their interactions in interallelic crosses
(Materials and methods). In developmental studies, weare noted from E1 to E4 and represented as open boxes. Coding sequences
ional residues at the N-terminal for KR-Hh. The two KR-H proteins exhibit
h6, and Kr-h7 are indicated (open triangles). Kr-h6 is associated with a 6-kb
L)Kr-h7.1, a deletion removing exons E1’ to 4, and Kr-h7id, associated with
its of the deletion end points.
Fig. 2. Stage dependent lethality of individuals (A) homozygous for the
Kr-h alleles Krh6, Krh7, Df (2L)Kr-h7.1, Kr-h7id and (B) heterozygous for
different combinations of these alleles. All combinations are lethal, at the
latest, by the end of the prepupal stage. n is the number of animals of a given
genotype examined.
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tures by the end of embryogenesis but rarely eclosed as
larvae (Fig. 2). Similarly, Df(2L)Kr-h7.1 homozygotes
showed an apparently normal embryonic development and
it appeared that problems developed during the first half of
the first larval instar. However, by using the GFP balancer,
we were able to observe that individuals homozygous for
the deletion completed embryogenesis some 2–4 h later
than their heterozygous siblings (Fig. 3). This was important
for our comparative molecular analyses as we had encoun-
tered problems of interpretation when analyzing individuals
staged by their chronological age alone (see below). As the
first instar advanced, homozygous animals became more
and more sluggish in their movements and finally stopped
moving and their development in the second half of the
instar. Mutants for the original insertion Kr-h7 also show an
apparently normal embryonic development; however, dur-
ing each of the three larval instars, between 12% and 26% of
these mutants die (Fig. 2A), although the majority of the
lethality occurs at the end of the prepupal stage. Interest-
ingly, these animals exhibit a characteristic prepupal phe-
notype, with their anterior spiracles close to the midline
(Pecasse et al., 2000). We also reexamined Kr-h6, and found
that some (c. 18%) Kr-h6 homozygotes died during em-
bryogenesis while the rest died during the first larval instar
(Fig. 2A). Only Kr-h6 heterozygotes reach pupariation and it
appears that the prepupal lethalities observed for this allele
in our earlier study (Pecasse et al., 2000) concerned hetero-
zygotes. Thus, this allele, which carries a deletion extending
from the first exon throughout a large part of the intron 5Vof
the embryonic promoter (Fig. 1), is in fact an ‘early’ Kr-
h allele which is semilethal in heterozygotes. Indeed, only
approximately a third of the embryos in these stocks (with a
CyO or CyO-GFP balancer) reach adulthood.
Crosses among these alleles produced unexpected
results. Surprisingly, Df(2L)Kr-h7.1/Kr-h7id individuals
showed normal embryogenesis and larval development,Fig. 3. Kr-h nulls are retarded in embryogenesis. Cumulative percentage of
Df (2L)Kr-h7.1 heterozygous (triangles, n = 138) and homozygous (squares,
n = 66) animals eclosed as a function of hours after egg laying.
Fig. 4. Transcript expression patterns of several genes regulated by
ecdysone at metamorphosis during embryogenesis. For each time period,
RT-PCR was performed using a pool of 10 wild-type Oregon embryos. rp49
was used to control RNA extracts. Transcript analyses are shown below the
profile of relative ecdysteroid levels during embryogenesis, expressed as a
percentage of the mid-embryogenic peak (after Kraminsky et al., 1980).
Y. Beck et al. / Developmental Biology 268 (2004) 64–75 67and almost all survived until the end of the prepupal period.
Df(2L)Kr-h7.1/Kr-h7 and Kr-h7id/Kr-h7 individuals also died
essentially as late prepupae (Fig. 2B) and all three combi-
nations showed abnormal spiracle positioning (not shown).
We have only observed the spiracle phenotype in the
presence of the Kr-h7 or Kr-h7id allele. Although the early
lethalities of the Df(2L)Kr-h7.1 and Kr-h7id alleles, when
homozygous, are consistent with the molecular analyses
(see below), as they derive from the Kr-h7 chromosome by P
element activation, it is difficult to formally exclude the
possibility that second site mutations (of a ‘hit and run’
type) might be responsible for the early phenotypes. Note
that the lethality of Kr-h7 is due to the original P element
insertion as we obtained a large number of reversions to
wild type in the mobilization screen thus excluding the
presence of a second site mutation. We therefore pursued the
analysis with crosses of Kr-h6, an independent isolate of the
original P element mutagenesis (To¨ro¨k et al., 1993) to the
other alleles. In these crosses, most importantly with the
Df(2L)Kr-h7.1, the majority of animals died in the prepupal
stage (Fig. 2B), thus showing the same unexpected behavior
as for Kr-h7 and Kr-h7id. It seems unlikely that both Kr-h6
and Kr-h7id carry distinct second site mutations responsible
for their early lethality when homozygous, the more so in
that Kr-h7 shows a similar behavior over the deficiency.
Expression of Kr-h transcripts during embryogenesis in
relation to known ecdysone-regulated transcripts: an
embryonic regulatory hierarchy?
Using semiquantitative RT-PCR assays specific for Kr-
ha and Kr-hb, we followed the expression of the two tran-
scripts in wild-type embryos staged at 2-h intervals through-
out embryogenesis together with transcripts from other
known members of the ecdysone regulatory hierarchies
(Fig. 4). Confirming results from Northern analyses (Pecasse
et al., 2000), Kr-hb is the major transcript in embryogenesis
with a broad peak of expression between 8 and 12 h,
coincident with the reported ecdysone peak (Kraminsky et
al., 1980), which then declines by 18 h. There is a new
increase just before hatching. Kr-ha levels also peak between
8 and 12 h and trace levels remain until the end of
embryogenesis. In the same samples, we detected all three
EcR isoforms, B1 and B2 showing essentially the same broad
peak while EcRA expression was distinct. In particular, EcRA
transcripts were present in the youngest embryos suggesting
a maternal origin (Talbot et al., 1993). E74 and E75 showed
temporal differences in promoter usage. While E74B/E74A
switching at 18–20 h was similar to that seen during the late
larval response of E74 to ecdysone, E75A and E75C showed
a similar regulation from 16 h onwards, in contrast to
metamorphosis where their expression profiles are quite
distinct. DHR3 showed a similar profile to that of Kr-hb and
EcR A between 8 and 18 h, while in the same period bFTZ-
F1 transcripts increased as the former decreased. Both
DHR78 and E78B were active in this same period. Thisstudy places Kr-hb expression in the middle of embryogen-
esis and reveals an overall organization of the expression of
these transcripts, which correlates with the reported ecdy-
sone peak (Kraminsky et al., 1980), and while reminiscent of
the ecdysone regulatory hierarchies of metamorphosis, clear-
ly involves different interactions.
Transcript analyses of Kr-h mutant embryos
As the time of death was variable in Kr-h6 with both
embryonic and early larval lethalities (Fig. 2A), we
limited our analysis to transcripts in Df (2L)Kr-h7.1 and
Kr-h7id mutant embryos. We first studied Kr-h expression.
As expected, we did not detect Kr-ha or Kr-hb transcripts
in Df (2L)Kr-h7.1 embryos, while in Kr-h7id embryos we
observed abnormal expression of both transcripts, Kr-
ha appearing only from 16 h onwards while Kr-
hb transcripts remained unusually abundant from 12
h until eclosion. To study the effects of these Kr-
h mutations on promoter usage of the genes of the
ecdysone regulatory hierarchies, we followed E74 and
E75 transcripts in homozygous Df (2L)Kr-h7.1 and Kr-
h7id embryos from 8 h onwards using Df (2L)Kr-h7.1/
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E74, the effects are most pronounced for the deficiency,
as the E74A peaks are more clearly separated than in the
heterozygote, and E74B transcripts show a steady level of
expression between 8 and 26 h. E75A peaks are equally
separated while E75B and E75C show coordinated over-
expression between 8 and 16 h, in contrast to their
expression in wild-type Oregon embryos (Fig. 4) where
E75A and E75C showed coordinated expression. In Kr-
h7id, early E74A and E74B expression is missing but the
expression of these transcripts is normal from 18 h on-
wards. The Kr-h7id mutation shows little or no effect on
E75, but note that E75A and E75C are clearly coex-
pressed from 16 h onwards.
Because of the unexpected survival of Df(2L)Kr-h7.1/Kr-
h7id individuals, which reached the prepupal period (see
above), we undertook an analysis of transcripts in embryos
of this genotype (Fig. 5). As might be predicted, the pattern
generally resembles that of Kr-h7id homozygotes but with a
delay of 1–2 h in the peaks which probably reflects the
delay seen with the deficiency allele. Exceptions were
E74B, where the overexpression characteristic of the defi-
ciency is superimposed on the 14–16-h peak seen in Kr-h7id
homozygotes, and E75B, where transcript levels were re-
duced. These profiles show that the embryonic death of Kr-
h7id homozygotes does not result directly from the lack of
early Kr-ha transcripts (8–14 h) as levels are comparable in
Df(2L)Kr-h7.1/Kr-h7id individuals in this period.
Northern analyses of embryonic transcripts in the mutants
are impractical. In an attempt to understand the molecular
consequences of the Kr-h7id mutation, we analyzed tran-
scripts from late 3rd instar larvae heterozygous for this allele.
We found an accumulation of primary transcripts from theKr-
ha promoter whose processing was impaired in the presence
of the Kr-h7id element, which we confirmed by RT-PCR
analyses of intronic sequences after DNAse pretreatments
(data not shown). This block was not observed in Kr-h7
larvae, where the presence of the P element both reduced
Kr-ha transcripts to about 5%ofwild type levels and gave rise
to a truncated transcript (Pecasse et al., 2000). We cannot
exclude that such aberrant transcripts contribute to the mo-
lecular abnormalities and premature death seen in embryos.
Transcripts in first instar wild-type and dying
Df(2L)Kr-h7.1 larvae
While Kr-h7id homozygotes rarely eclose as larvae, most
Df (2L)Kr-h7.1 homozygotes emerge and wander for several
hours before gradually slowing and becoming immobile.Fig. 5. Transcript expression patterns in Df (2L)Kr-h7.1 heterozygotes,
homozygous Df (2L)Kr-h7.1 and Kr-h7id individuals, and Df (2L)Kr-h7.1/
Kr-h7id individuals during embryogenesis for Kr-ha and b, E74A and B,
E75 A, B, C. RT-PCR analyses used the same RNA extracted from a
single embryo for each period and genotype. Genotypes were confirmed
by PCR analysis (see Materials and methods). rp49 was used to control
RNA extracts.
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molecular events we undertook an RT-PCR analysis of
transcripts of genes of the ecdysone regulatory hierarchies
in both wild-type and Df (2L)Kr-h7.1 homozygous larvae
staged from eclosion (Figs. 6A and B). Note that Kr-hb and
E75B transcripts were not detected in larvae (data not
shown). Overall changes in wild type first instar larvae
are modest. There is a clear switching event around 8 h
which is evident in an increase in the levels of most of the
transcripts studied, with the exception of bFTZ-F1 tran-
scripts which decrease from 10 h onwards (Fig. 6A). Tran-
scripts in the mutant larvae show marked changes,Fig. 6. Wild-type (A) and homozygous Df (2L)Kr-h7.1 (B) expression
patterns for genes regulated by ecdysone at metamorphosis during the first
larval instar. For each period, RNA from five animals was used. rp49 was
used to control RNA extracts.compared to wild type, notably an increased expression of
E74A, E74B, and bFTZ-F1. These abnormal levels are
maintained for at least 12–14 h (Fig. 6B). Thereafter we
observed two situations in these analyses of individual
larvae, either a maintenance of the abnormal profile (e.g.,
the 18–20-h larva) or an overall diminution of transcripts
(Fig. 6B, 16–18- or 20–22-h larvae, and other data not
shown), which we interpret as characteristic of a dying
larva. Thus, doomed larvae show defects in the expression
of genes of the ecdysone regulatory hierarchies at the time
of hatching which are unmodified until a general decline of
the animal, leading to death, occurs.
Kr-h transcripts are localized to the nervous system
We used DNA probes specific to Kr-ha and b for in situ
hybridization to visualize tissues in which Kr-h transcripts
are expressed. Kr-hb, the major embryonic transcript, was
detected from stage 12 of embryogenesis, around 8 h after
egg laying, confirming the RT-PCR observations. Kr-hb is
located in the brain, the ventral nerve chord, and in some
cells located laterally in a pattern suggesting a connection
with the PNS (Fig. 7). Kr-hb RNA is found in these same
areas until stage 17, at the end of the embryonic develop-
ment. A similar pattern of expression of Kr-h transcripts was
reported by Brody et al. (2002) in late embryos. In contrast,
we did not detect Kr-ha transcripts in situ (data not shown),
perhaps because of the low expression level of this isoform
(see above).
KR-H is restricted to neuronal cells
To follow the KR-H protein, we elaborated a polyclonal
antibody directed against the KR-Ha and h common C
terminal region (see Materials and methods). Our observa-
tions confirm the in situ hybridization results. KR-H is
observed as early as stage 12 in the same tissues as those
where we observed Kr-hb transcripts (Fig. 7). To determine
the cell type expressing KR-H, we used a monoclonal
antibody recognizing Elav, a protein specifically expressed
in neurons (Robinow and White, 1988). KR-H is detected
in all Elav-expressing cells: in the brain, the ventral nerve
chord, and in the PNS, suggesting that KR-H is also
specifically expressed in neurons. To confirm that Kr-h is
associated with neuronal identity, we observed its distri-
bution in Sca-gal4, UAS-glide/gcmM24A; UAS-glide/
gcmM21G embryos, which overexpress glide/gcm in neuro-
blasts, thus promoting the glial destiny of these cells and
reducing the number of neurons (Bernardoni et al., 1998).
In these embryos, KR-H was weakly expressed in the few
differentiated neurons (data not shown). Therefore, KR-H is
only expressed in those cells having a neuronal identity. In
addition, we detected KR-H in a few cells not expressing
Elav, notably between the main lobes of the brain (Fig. 8).
However, Kr-h is not essential for neuronal identity as Elav
staining was normal in Df(2L)Kr-h7.1 homozygotes (data
Fig. 7. Kr-hb transcripts and KR-H protein expression in wild-type embryos. (A–C) Kr-hb transcript expression in (A) stage 12, (B) stage 16 lateral views, and
(C) stage 14 ventral view. (D–F) KR-H protein expression in (D) stage 12, (E) stage 15 lateral views, and (F) stage 16 ventral view. Anti-KR-H polyclonal
antibody was diluted to 1/4000. Scale bar represents 100 Am.
Y. Beck et al. / Developmental Biology 268 (2004) 64–7570not shown). Attempts to raise polyclonal (rabbit, rat) or
monoclonal (mouse) antibodies recognizing the 54 amino
acid h-specific N-terminal fragment were unsuccessful
(data not shown).Fig. 8. Elav and KR-H expression in wild-type brain and ventral nerve cord. (A–
coexpressed (C) except notably in a few cells (arrow) in the ring gland region. (D
Elav (E) are coexpressed in neurons (F). Anti-KR-H polyclonal antibody was dilut
bar represents 50 Am.Despite the dramatic changes in the transcripts of the
ecdysone hierarchies, we did not observe an obvious
embryonic mutant phenotype. We investigated several
putative pathways or structures by immunostaining mutantC) Confocal images of wild-type brain. KR-H (A) and Elav (B) are largely
–F) Part of a wild-type embryo stage 16 ventral nerve cord. KR-H (D) and
ed to 1/4000 and anti-Elav monoclonal antibody was diluted to 1/200. Scale
Fig. 9. 22C10 expression in a Kr-h7id embryo showing an ectopic neuron. Note the absence of axons in the magnification (white rectangle). Anti-22C10
antibody was diluted to 1/200. Scale bar represents 10 Am.
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Fasciclin II, Fasciclin III, and the BP102 serum, each of
which stain different parts of the nervous system (Bastiani
et al., 1987; Carney et al., 1997; Hortsch et al., 1990;
Mardon et al., 1994; Patel et al., 1987). We also tested a
Spectrin and a serum recognizing trachea (Y. Beck un-
published), h3 Tubulin (Paululat et al., 1999), which is
expressed in the visceral and somatic mesoderm, Hind-
sight expressed in CNS, glial cells, midgut, PNS, and
tracheas (Yip et al., 1997). However, none of these anti-
bodies revealed clear abnormalities. Only when using the
22C10 antibody, directed against the Futsch protein found
in axon and neuron cellular bodies (Hummel et al., 2000),
did we observe in certain homozygous Df(2L)Kr-h7.1 and
heterozygous or homozygous Kr-h7id embryos the pres-
ence of one extra neuron (Fig. 9). These occasional
ectopic neurons are not always found in the same segment
and do not possess an axon, as only the cellular body is
visible.Discussion
Gene regulatory hierarchies are variants on a common
theme
The gene regulatory hierarchies induced by ecdysone at
metamorphosis are the link between the initial action of a
nuclear hormone and the stage- and tissue-specific re-
sponses that it effects. The primary targets, as defined by
cytological approaches with salivary gland giant chromo-
somes, are often complex loci encoding families of tran-
scription factors. An increase in ecdysone levels leads to
coordinated activation and repression of their transcripts in a
reproducible temporal pattern, often involving isoform
switching at a given locus as the response progresses.
Within the salivary gland, there are differences in the levels
of induction and the duration of their expression between
the late larval and prepupal response to ecdysone. In
addition, the time of induction and the moment of isoformswitching are tissue specific, suggesting that if the same
general principle is used in different tissues, variations in the
expression of members of the hierarchies may contribute to
both stage and tissue specificity.
As genetic studies have shown that these genes are
essential for metamorphosis and the establishment of the
insect’s second body plan, we looked for evidence for a
similar coordinated expression in embryogenesis as the first
body plan is elaborated. Studies on the possible role of
ecdysone in embryogenesis are limited, although a peak of
hormone was detected in mid-embryogenesis by radio-
immune assays (reviewed in Richards, 1981). Unlike the
larva, which can be fed ecdysones, the embryo is a
relatively closed system, and coupled with its smaller size,
is less amenable to experimental manipulation. We have
used our semiquantitative RT-PCR approach, developed for
salivary gland studies, to circumvent in part the problem of
size, although there is a clear disadvantage in embryonic
studies as we cannot follow tissue-specific events. Our
results establish that members of the metamorphosis regu-
latory hierarchies show similar waves of expression in
embryogenesis, including isoform switching, but that their
relationships are different, notably the temporal coexpres-
sion of certain isoforms (e.g., E75A and E75C) which is
not seen at metamorphosis. These observations are consis-
tent with models of regulatory complexity deriving from
related but distinct protein complexes. A parallel study
(Sullivan and Thummel, 2003), using Northern analyses of
wild-type embryos, centered on the members of the nuclear
receptor family also describes waves of transcriptional
activity in Drosophila embryogenesis and concludes that
the underlying patterns of gene activation seen in embryo-
genesis are similar to those of metamorphosis. Because of
differences in the sensitivity of the techniques, there are
minor differences among these studies—for example, E75C
was not seen by Northern blotting (Sullivan and Thummel,
2003). Together they suggest that ecdysone has a central
role to play in embryogenesis and may interact with many
of the signalling pathways previously described in Dro-
sophila embryogenesis.
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genesis, during the first larval instar, which also lasts about
24 h, there are relatively few changes in the transcripts of
these master genes. This would support the idea that
dipteran larval instars are relatively uneventful and that
although there are cuticle changes at each moult, they are
essentially important for growth. A similar conclusion was
drawn from a recent analysis of the development of E75
mutants (Bialecki et al., 2002).
Kru¨ppel-homolog is essential for early development
As seen in previous studies (Pecasse et al., 2000; Schuh
et al., 1986), Kr-hb is the preponderant embryonic isoform
both by transcript and in situ analyses. Unlike Kr-h expres-
sion at metamorphosis, where Kr-ha expression is found at
similar relative levels in many tissues (Pecasse et al., 2000),
Kr-hb expression is specific to neuronal cells. It is not
however necessary for the determination of the neuronal
lineages as seen by Elav staining of homozygous Df(2L)Kr-
h7.1 embryos, which present a normal neuronal pattern.
Although our studies have not revealed major structural
changes during embryogenesis, the occasional ectopic neu-
rons in both mutants are consistent with the suggestion of a
role for Kr-h in the elaboration of the nervous system
derived from observations of disruptions in misexpression
studies (Abdelilah-Seyfried et al., 2000; Kraut et al., 2001).
As KR-H spatial expression is very similar to Elav, it may
prove to be a useful marker of the neuronal system.
Kru¨ppel-homolog is a dose-dependant modulator of
regulatory hierarchies
Based on our analyses of its role in metamorphosis
(Pecasse et al., 2000), we defined Kr-h as a modulator of
the hormonal response, and this description is also appro-
priate in embryos. The consequences of early Kr-hmutations
are as dramatic as at metamorphosis and the molecular
consequences of mutant Kr-h alleles are similarly complex
as they lead to errors in the timing and level of expression of
genes of the ecdysone regulatory hierarchies and, perhaps
more noticeably in these experiments, to failures in isoform
switching. Kr-h is necessary for the correct expression of
E74A, E74B, and E75C.
Between 8 and 14 h, E74A expression is aberrant in the
absence of Kr-h transcripts, and this appears to depend
primarily on Kr-ha as expression is not restored in the
presence of the Kr-h7id allele where there are normal Kr-
hb levels in this period. E74B expression is similarly
aberrant in the absence of Kr-h being broadly expressed
between 8 and 24 h. The 12–16-h peak seen in control
heterozygotes is restored in a dose-dependant manner by the
Kr-h7id allele, suggesting that Kr-hb represses E74B expres-
sion from 16 h onwards. A similar effect is seen at
metamorphosis where E74B is expressed prematurely in
Kr-h1 prepupae (Pecasse et al., 2000). A further strikinginteraction concerns E75C expression. In the absence of Kr-
h, E75C transcripts are abundant between 8 and 16 h. Their
repression is restored by a single dose of Kr-h7id, suggesting
that Kr-hb is sufficient for this repression. Note however the
correlation between Kr-ha transcripts and E75C transcripts
in these animals from 16 h onwards.
While each change is in itself modest, if one considers
the levels of transcripts of different isoforms present at a
given time point, the ratios of the expression of these key
regulatory genes are significantly perturbed (compare for
example E74A, E75A, E75B, and E75C transcript levels in
10–12-h embryos of the Df(2L)Kr-h7.1/+ and Df(2L)Kr-
h7.1/Df(2L)Kr-h7.1 genotypes, Fig. 5). Note that as Kr-h is
limited in its expression to neuronal cells, it is possible that
our total embryo RT-PCR approach averages down the
impact of the mutation in those tissues, although the Kr-
h mutations may have indirect effects on gene expression in
other tissues.
The idea that Kr-h is necessary to assure a fine balance in
the regulatory hierarchies is supported by our observations
that the expression of key genes is highly dose dependant on
the different Kr-h alleles. An unexpected result was the
survival until the prepupal stage of combinations of Kr-h6,
Kr-h7, and Kr-h7id with Df(2L)Kr-h7.1. This was perhaps
most striking for Kr-h7id as, unlike Kr-h7id embryos, the
Df(2L)Kr-h7.1/Kr-h7id embryos hatch and the larvae reach
pupariation. Kr-hb transcripts are reduced in these embryos
compared to Kr-h7id and are closer to control levels,
suggesting that excess Kr-hb transcript levels cause the
block in late embryogenesis. Levels of other ecdysteroid-
regulated transcripts are also closer to controls than
Df(2L)Kr-h7.1 embryos. The idea that a reduction in Kr-
hb transcripts is necessary for early development is consis-
tent with one interpretation of our observations of Kr-
h expression during metamorphosis (Pecasse et al., 2000)
where the programmed disappearance of Kr-ha during the
early to mid-prepupal period may be crucial for the transi-
tion from pupariation to pupation. This problem of balance
may be further complicated by the observation that the KR-
H protein binds near the Kr-h locus in salivary gland
polytene chromosomes (Beck Y. unpublished) suggesting
that there may be an element of autoregulation at the locus.
These same studies show that KR-H localization is dynamic,
and our current efforts to understand its mode of action are
focussed on its role during the metamorphic response to
hormone (Beck et al., in preparation).Materials and methods
Stocks
Strains were maintained at 25jC on a standard agar
medium. Kr-h6 and Kr-h7 were from the collection of To¨ro¨k
et al. (1993) provided by Bernard Mechler and were
originally designated l(2)59/5 and l(2)44/11, respectively.
Y. Beck et al. / Developmental Biology 268 (2004) 64–75 73The Kr-h7 stock carries the w+ marked P-lacW (Bier et al.,
1989) and is maintained as a second chromosome balanced
lethal (y,w; P[w+mc = lacW] Krh1k04411/CyO). To mobilize
the transposon, Kr-h7 females were crossed with P[ry+le-
thal]/CyO;Ki kar2ry506P(D2–3)ry+99B males. The P ele-
ment excision events were selected on the loss of the w+
phenotype.
To facilitate selection of Kr-h6, Kr-h7, Df(2L)Kr-h7.1, or
Kr-h7id homozygotes, males of each genotype were crossed
with female w[*];L[2] Pin[1]/CyO, P{Gal4-Kr.C}DC3,
P{UAS-GFP.S65T}DC7 obtained from the Bloomington
stock center (#5194). Progeny showing a GFP signal was
selected to construct CyO, P{Gal4-Kr.C}DC3, P{UAS-
GFP.S65T}DC7 balanced stocks.
Interallelic crosses
Five heterozygous virgin females of a given genotype
were crossed with two heterozygous males of the same or
another given genotype. F0 genotypes are Df(2L)Kr-h7.1,
Kr-h6, Kr-h7, and Kr-h7id balanced with a chromosome CyO,
GFP (see above). Newly eclosed first instar larvae are
separated in two groups, those expressing GFP and the
others not. GFP+ larvae are either CyO, GFP homozygotes,
which die in a few hours, or heterozygotes which survive to
the adult stage. GFP larvae carry two Kr-h mutant alleles.
Each group is raised on a medium containing 10% agar, 40%
apple juice supplemented with yeast. Larvae are counted and
observed daily, and their medium changed every 1 or 2 days.
Molecular characterization of Kr-h alleles
The sites of the P element insertions of Kr-h6 and Kr-h7
were characterized by plasmid rescue which also revealed
the presence of a ca. 6-kb deletion 5V to exon 1V in Kr-h6
(Pecasse et al., 2000, see Fig. 1). The limits of deletions in
Df(2L)Kr-h7.1 and Kr-h7id alleles were characterized in
PCR walks using template DNA from homozygous mutant
embryos. Wild-type DNA was used as a control for the
primer pairs of each PCR reaction.
RT-PCR
One or 10 embryos or five L1 larvae were crushed
against the wall of an eppendorf tube with a stainless steel
needle, then RNA extraction and RT-PCR were performed
as described in Huet et al. (1995). The RNA extracted from
a single embryo is taken up in 12 Al of distilled water
whereas extraction from 10 embryos or five L1 larvae is
taken up to 24 Al of distilled water. Oligonucleotides and
probes were as previously published (Huet et al., 1993,
1995; Pecasse et al., 2000) except for Kr-hb where the
primers were TCAAGAAATCGGGCACGGAA and
TGGTCGTCGCTGTTAGTGGA and the probe TCTAGT-
CAGGCGCAGTTCTG. For general considerations of the
reproducibility of the RT-PCR assay, see Huet et al. (1993).In every case, the level of an RT-PCR product is checked for
its coherence within a developmental series and compared
with other products obtained using the same RNA extract.
Unexpected values (using these criteria) are validated by
repeating the series or using RNA from similarly staged
animals.
When genotyping was necessary, 1 Al of the RNA
extraction was used in PCR using as a template the
contaminant DNA present in the extraction. Primers used
in genotyping are CAGGTCGACGGGACCACCTTATG-
TTA, localized in the 5V extremities of the imperfectly
excised P-element, CCTTGCGACTATAGTATGCG, local-
ized upstream of the transposon, and CCTTCGACTAT-
TAAGGCTC, downstream of the P element. The mutant
allele gives rise to a 110-bp fragment whereas the wild-type
allele gives rise to a 440-bp fragment. PCR was performed
as described in Pecasse et al. (2000) except that the number
of cycles was increased from 30 to 35.
In situ hybridization
In situ hybridization is adapted from Tautz and Pfeifle
(1989). The exon 1V probe was made by PCR. Two 20
oligomers allowed the amplification of a 195-bp fragment
using a 6-kb EcoR1 restriction fragment inserted in the
Bluescript SK+ plasmid as a template. The PCR mix consists
of 1.5 mM MgCl2, 150 mM KCl, 25 mM Tris–HCl pH 8.3,
100 Ag/ml BSA, 100 Al/ml of ‘‘DIG DNA labeling mixture
10 concentrated’’ (Boerhinger Mannheim), 0.25 pmol/ml
of each primer, 400 ng/ml of template, and 25 U/ml of Taq
polymerase (Sigma). Sequences of the primers are GAGTT-
CAGCGCTAAAGTCTG and TTGCTACTGCTCCATA-
CAGG. PCR processing was as above (30 cycles).
Antibody production and characterization
The DNA sequence coding for amino acids 652 to 702
localized 3Vto the Kr-h zinc finger domain was fused to the
GST sequence in pGEX-4T3 (Pharmacia Biotech), and the
fusion protein expressed in BL21 bacteria to express the
fused protein. The GST fusion protein was purified accord-
ing to the manufacturer’s protocol (GST, Gene Fusion
System, Pharmacia Biotech, 2nd edition, 1994). About 80
ml of serum from a rabbit immunized with this KR-H
common region fused protein was collected.
The polyclonal antibody detects KR-H in those cells
expressing Kr-hb transcripts and fails to mark Df(2L)Kr-
h7.1 homozygotes which lack the entire Kr-h coding
region.
Immunocytochemistry
Embryos were harvested and dechorionated in 50%
bleach for 3 min then rinsed in 0.1% Triton X-100 (Sigma).
Embryos were permeabilized and fixed in 16 mM HEPES
pH 6.9, 0.32 mM MgSO4, 0.16 mM EGTA, 0.8% para-
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lower layer was removed and replaced by 500 Al of
methanol. The mix was vigorously shaken for about 10 s.
Precipitated embryos were taken and rinsed in methanol,
rehydrated by three 10 min steps in 75%, 50%, 25%
methanol in PBS without shaking. All subsequent steps
were performed on an agitator. Embryos were preincubated
three times in PBS, 0.3% Triton X-100, 10% goat serum for
20 min. Primary antibodies were added (see figure legends)
and the embryos were incubated 2 h. Thereafter, the
antibody solution was removed and the embryos washed
three times for 20 min in PBS, 0.3% Triton X-100, 10%
goat serum. Secondary antibodies were added. To detect a
mouse primary antibody, we used Alexa Fluor 488 goat
anti-mouse IgG (H + L) antibody (Molecular Probes A-
11001), and to detect a rabbit primary antibody, we used
Cy3-conjugated affinipure donkey anti-rabbit IgG (H + L)
antibody (Jackson Immuno research 711-165-152). Embry-
os were incubated for 2 h. Finally, embryos were washed
two times for 10 min in the preincubation solution then four
times for 10 min in PBS, 0.3% Triton X-100. Embryos were
mounted in fluoromount G medium (Southern Biotechnol-
ogy Associated, Inc.) and observed using an epifluores-
cence microscope. If necessary, anti-KR-H or anti-GFP
(Molecular Probes A-6455) antibodies were used as appro-
priate to distinguish homozygous mutant embryos from
their heterozygous siblings.
Sca-Gal4, UAS-glide/gcm embryos (Bernardoni et al.,
1998) were provided by A. Giangrande. The Dachshund and
Elav antibodies developed by G.M. Rubin, the BP102,
Neurotactin, Fasciclin II and III antibodies developed by
C. Goodman, the Hindsight antibody developed by H.D.
Lipshitz, the a Spectrin developed by D. Branton, and the
22C10 antibody developed by S. Benzer were obtained from
the Developmental Studies Hybridoma Bank maintained by
the University of Iowa, Department of Biological Sciences,
Iowa City, IA 52242.Acknowledgments
We thank Claude Dauer for excellent technical
assistance. We are grateful to Angela Giangrande and
Uwe Stra¨hle for critically reading drafts of the manuscript.
We are grateful to Renate Renkawitz-Pohl for her h3
Tubulin antibody gift and to Angela Giangrande for
sharing antibodies and the Sca-Gal4, UAS-glide/gcm
embryos. We thank the IGBMC core facilities for
oligonucleotide synthesis, confocal microscopy, and anti-
body production. This work was supported by institutional
funds from the Centre National de la Recherche Scienti-
fique, the Institut National de la Sante´ et de la Recherche
Me´dicale, the Hoˆpital Universitaire de Strasbourg, and
studentships from the Ministe`re de la Recherche et de la
Technologie and the Association pour la Recherche sur le
Cancer to Y.B.ReferencesAbdelilah-Seyfried, S., Chan, Y., Chaoyang, Z., Justice, N.J., Younger-
Shepherd, S., Sharp, L.E., Barbel, S., Meadows, S.A., Jan, L.Y., Jan,
Y.N., 2000. A gain-of-function screen for genes that affect the devel-
opment of the Drosophila adult external sensory organ. Genetics 155,
733–752.
Bastiani, M.J., Harrelson, A.L., Snow, P.M., Goodman, C.S., 1987.
Expression of fasciclin I and II glycoproteins on subsets of axon
pathways during neuronal development in the grasshopper. Cell 48,
745–755.
Bender, M., Imam, F.B., Talbot, W.S., Ganetzky, B., Hogness, D.S., 1997.
Drosophila ecdysone receptor mutations reveal functional differences
among receptor isoforms. Cell 91, 777–788.
Bernardoni, R., Miller, A.A., Giangrande, A., 1998. Glial differentiation
does not require a neural ground state. Development 125, 3189–3200.
Bialecki, M., Shilton, A., Fichtenberg, C., Segraves, W.A., Thummel, C.S.,
2002. Loss of the ecdysteroid-inducible E75A orphan nuclear receptor
uncouples molting from metamorphosis in Drosophila. Dev. Cell 3,
209–220.
Bier, E.H., Vaessin, S., Shepherd, S., Lee, K., McCall, S., Barbel, L.,
Ackerman, R., Carreto, R., Uemura, T., Grell, E., Jan, L.Y., Jan,
Y.N., 1989. Searching for pattern and mutation in the Drosophila ge-
nome with a P-lacZ vector. Genes Dev. 3, 1273–1287.
Brody, B., Stivers, C., Nagle, J., Odenwald, W.F., 2002. Identification of
novel Drosophila neural precursor genes using a differential embryonic
head cDNA screen. Mech. Dev. 113, 41–59.
Carney, G.E., Wade, A.A., Sapra, R., Goldstein, E.S., Bender, M., 1997.
DHR3, an ecdysone-inducible early– late gene encoding a Drosophila
nuclear receptor, is required for embryogenesis. Proc. Natl. Acad. Sci.
U. S. A. 94, 12024–12029.
Cherbas, L., Hu, X., Zhimulev, I., Belyaeva, E., Cherbas, P., 2003. EcR
isoforms in Drosophila: testing tissue-specific requirements by targeted
blockade and rescue. Development 130, 271–284.
Hortsch, M., Patel, N.H., Bieber, A.J., Traquina, Z.R., Goodman, C.S.,
1990. Drosophila neurotactin, a surface glycoprotein with homology
to serine esterases, is dynamically expressed during embryogenesis.
Development 110, 1327–1340.
Huet, F., Ruiz, C., Richards, G., 1993. Puffs and PCR: the in vivo dynamics
of early gene expression during ecdysone responses in Drosophila.
Development 118, 613–627.
Huet, F., Ruiz, C., Richards, G., 1995. Sequential gene activation by ec-
dysone in Drosophila melanogaster: the hierarchical equivalence of
early and early late genes. Development 121, 1195–1204.
Hummel, T., Krukkert, K., Roos, J., Davis, G., Kla¨mbt, C., 2000. Drosoph-
ila Futsch/22C10 is a MAP1B-like protein required for dendritic and
axonal development. Neuron 26, 357–370.
Kraminsky, G.P., Clark, W.C., Estelle, M.A., Gietz, R.D., Sage, B.A.,
O’Connor, J.D., Hodgetts, R.B., 1980. Induction of translatable mRNA
for dopa decarboxylase in Drosophila: an early response to ecdysterone.
Proc. Natl. Acad. Sci. U. S. A. 77, 4175–4179.
Kraut, R., Menon, K., Zinn, K., 2001. A gain-of-function screen for genes
controlling motor axon guidance and synaptogenesis in Drosophila.
Curr. Biol. 11, 417–430.
Mardon, G., Solomon, N.M., Rubin, G.M., 1994. Dachshund encodes a
nuclear protein required for normal eye and leg development in Dro-
sophila. Development 120, 3473–3486.
Patel, N.H., Snow, P.M., Goodman, C.S., 1987. Characterization and clon-
ing of fasciclin III: a glycoprotein expressed on a subset of neurons and
axon pathways in Drosophila. Cell 48, 975–988.
Paululat, A., Breuer, S., Renkawitz-Pohl, R., 1999. Determination and
development of the larval muscle pattern in Drosophila melanogaster.
Cell Tissue Res. 296, 151–160.
Pecasse, F., Beck, Y., Ruiz, C., Richards, G., 2000. Kru¨ppel-homolog, a
stage-specific modulator of the prepupal ecdysone response, is essential
for Drosophila metamorphosis. Dev. Biol. 221, 53–67.
Y. Beck et al. / Developmental Biology 268 (2004) 64–75 75Richards, G., 1997. The ecdysone regulatory cascades in Drosophila. In:
Wassarman, P.M. (Ed.), Adv. Dev. Biochem., vol. 5. JAI Press, Green-
wich, CT, pp. 81–135.
Richards, G.P., 1981. The radioimmune assay of ecdysteroid titres in Dro-
sophila melanogaster. Mol. Cell. Endocrinol. 21, 181–197.
Robinow, S., White, K., 1988. The locus elav of Drosophila melanogaster
is expressed in neurons at all developmental stages. Dev. Biol. 126,
294–303.
Schuh, R., Aicher, W., Gaul, U., Coˆte´, S., Preiss, A., Maier, D., Seifert, E.,
Nauber, U., Schro¨der, C., Kemler, R., Ja¨ckle, H., 1986. A conserved
family of nuclear proteins containing structural elements of the finger
protein encoded by Kru¨ppel, a Drosophila segmentation gene. Cell 47,
1025–1032.
Sullivan, A.A., Thummel, C.S., 2003. Temporal profiles of nuclear receptor
gene expression reveal coordinate transcriptional responses during Dro-
sophila development. Mol. Endocrinol. 17, 2125–2137.Talbot, W.S., Swyryd, E.A., Hogness, D.S., 1993. Drosophila tissues with
different metamorphic responses to ecdysone express different ecdy-
sone receptor isoforms. Cell 73, 1323–1337.
Tautz, D., Pfeifle, C., 1989. A non-radioactive in situ hybridization method
for localisation of specific RNAs in Drosophila embryos reveals trans-
lational control of the segmentation gene hunchback. Chromosoma 98,
81–85.
Thummel, C., 1996. Flies on steroids—Drosophila metamorphosis and the
mechanisms of steroid hormone action. Trends Genet. 12, 306–310.
To¨ro¨k, T., Tick, G., Alvarado, M., Kiss, I., 1993. P-lacW insertional mu-
tagenesis on the second chromosome of Drosophila melanogaster: iso-
lation of lethals with different overgrowth phenotypes. Genetics 135,
71–80.
Yip, M.L., Lamka, M.L., Lipshitz, H.D., 1997. Control of germ-band re-
traction in Drosophila by the zinc-finger protein hindsight. Develop-
ment 124, 2129–2141.
